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Microstructure and mechanical properties
of thermomechanically processed TRIP steel
I.B. Timokhina, P.D. Hodgson, H. Beladi, E.V. Pereloma
The strengthening mechanism responsible for the unique combination of ultimate tensile strength and
elongation in a multiphase Fe-0.2C-1.5Mn-1.2Si-0.3Mo-0.6Al-0.02Nb (wt%) steel was studied. The
microstructures with different volume fractions of polygonal ferrite, bainite and retained austenite were
simulated by controlled thermomechanical processing. The interrupted tensile test was used to study the bainitic
ferrite, retained austenite and polygonal ferrite behaviour as a function of plastic strain. X-ray analysis was
used to characterise the volume fraction and carbon content of retained austenite. Transmission electron
microscopy was utilised to analyse the effect of bainitic ferrite morphology on the strain induced transformation
of retained austenite and retained austenite twinning as a function of strain in the bulk material. The study has
shown that the austenite twinning mechanism is more preferable than the transformation induced plasticity
(TRIP) mechanism during the early stages of deformation for a microstructure containing 15% polygonal ferrite,
while the transformation induced plasticity effect is the main mechanism when there is 50% of polygonal ferrite
in the microstructure. The bainitic ferrite morphology affects the deformation mode of retained austenite during
straining. The polygonal ferrite behaviour during straining depends on dislocation substructure formed due to
the deformation and the additional mobile dislocations caused by the TRIP effect. Operation of TRIP or
twinning mechanisms depends not only on the chemical and mechanical stability of retained austenite, but also
on the interaction of the phases during straining.
I.B. Timokhina, P.D. Hodgson, H. Beladi
Deakin University, Australia
E.V. Pereloma
The University of Wollongong, Australia
KEYWORDS: Transformation induced plasticity steel, thermomechanical processing, retained austenite,
TRIP/TWIP effects, transmission electron microscopy, atom probe tomography
INTRODUCTION
The demand for high strength and high formability steels has
recently increased. These steels have found application in the
manufacture of automotive wheels, certain brackets and, poten-
tially, of high strength drawn bars. Multiphase steels, containing
austenite and bainite, represent a new class of steel with im-
proved strength-ductility balance. The Transformation Induced
Plasticity (TRIP) effect has been widely cited to be solely re-
sponsible for this balance [1, 2]. However, mechanical twinning
can also occur in a steel alloyed with manganese, silicon and
aluminium [3, 4]. This could lead to an increase in plasticity
through the Twinning Induced Plasticity (TWIP) effect. The main
aim of previous investigations has been to obtain the maximum
amount of stable retained austenite [5, 6]. However, the current
state of knowledge regarding the multiphase steels has revea-
led certain contradictions to this concept. Firstly, the distribution
of carbon within the retained austenite crystals is inhomogene-
ous and depends on the position of these crystals in the multi-
phase structure. This leads to the formation of retained austenite
crystals with different carbon content [7]. It has been suggested
that only the retained austenite with an optimum carbon con-
tent can provide the TRIP/TWIP effect and improve the elonga-
tion [8]. Furthermore, an increase in the volume fraction of the
retained austenite leads to a decrease in the average carbon of
this phase, thereby reducing its chemical stability. Hence, the
optimum volume fraction of the retained austenite is needed to
provide the TRIP/TWIP effect [8].
The size of the retained austenite also affects the stability. Co-
arse retained austenite blocks have lower stability than films,
for example, and tend to transform to martensite at low strain.
Hence, retained austenite only with optimum size can provide
the TRIP effect [6]. It has been suggested [9, 10] that there is
another mechanism responsible for the unique strength-ducti-
lity balance in multiphase steels in addition to the TRIP/TWIP ef-
fects. Recent publications have revealed the importance of the
effect of all phases formed in the microstructure and their inte-
raction during straining [9, 10].
A multiphase microstructure has usually been generated by a
two stage intercritical annealing due to the sensitivity of the mi-
crostructure to the thermomechanical processing approach. In
the current approach, however, thermomechanical processing
was used to avoid the extra step required by the intercritical an-
nealing and develop the desirable microstructure directly after
hot rolling.
The aim of the current research is to study the effect of the vo-
lume fraction of the phases on the structure-property relation-
ship and the complex interrelationship between the phases
during the formation of the final microstructure.
EXPERIMENTAL PROCEDURE
Steel with composition of Fe-0.2C-1.5Mn-1.2Si-0.3Mo-0.6Al-
0.02Nb (wt%) was studied. A laboratory rolling mill was used to
simulate rolling. The thermomechanical processing schedule
was constructed based on analysis of the continuous cooling
transformation data [11], to form 15% and 50% of polygonal fer-
rite and non-carbide bainitic ferrite to stabilize the retained au-
stenite at room temperature (Fig. 1).
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FIG. 1 Thermomechanical processing schedule.
Schema del processo termomeccanico.
The samples with initial thickness of ~ 35mm were austeniti-
zed at 1250°C for 120s in a 15kW muffle furnace and then rol-
led at 1100°C, where the first deformation (ε1=0.25) took place,
followed by the second deformation (ε2=0.47) at 875°C (Fig. 1).
After that, the samples air cooled at ~1Ks
-1 to the accelerated
cooling start temperatures (TA) of 780°C and 760°C to form
15% and 50% of polygonal ferrite respectively. Two spray guns
were used to cool the samples at ~20Ks
-1 to 520°C to avoid pe-
arlite formation and after that the samples were placed in a
fluidbed furnace and covered with aluminum oxide sand to
hold the samples at 470°C for 1200s to form non-carbide bai-
nite. After holding the samples were quenched in an iced brine
solution (Fig. 1). The final thickness of the slab after proces-
sing was 7 mm.
The microstructure of the samples was characterized using op-
tical metallography, transmission electron microscopy (TEM)
and atom probe tomography (APT). Thin foils for TEM were pre-
pared by twin-jet electropolishing using 5% of perchloric acid in
methanol at -25°C and an operating voltage of 50V. Bright and
dark-field images and selected area electron diffraction patterns
were obtained using a PHILIPS CM 20 microscope operated at
200kV. The stability of retained austenite and the transforma-
tion behavior of the phases as a function of the plastic strain
were studied on the samples after interrupted tensile testing
using TEM.
APT analysis was performed to study the microstructural featu-
res formed after TMP, such as carbon distribution within the
phases, formation of particles, etc. The standard two-stage elec-
tropolishing procedure was used to prepare the atom probe spe-
cimens [12]. The local electrode atom probe was operated at a
pulse repetition rate of 200 kHz, a 20% pulse fraction with a sam-
ple temperature of 80K. Iso-concentration surfaces were used
for easier visualization of the phases and carbides.
X-ray diffraction (XRD) analysis was performed using a PHILIPS
PW 1130 (40kV and 25mA) diffractometer equipped with a mo-
nochromator and CuKα radiation to calculate the volume frac-
tion of retained austenite after TMP and for the samples after
different strains. The integrated intensities of the (200)α, (211)α,
(200)γ and (220)γ peaks were used in the direct comparison me-
thod [13].
Room-temperature mechanical properties were determined
using an Instron 4500 servohydraulic tensile-testing machine
with a 100kN load cell. Subsize samples with a 25mm gage
length were used to minimize the amount of material.
RESULTS AND DISCUSSION
Structure-Property Relationship after TMP.
The microstructures after laboratory rolling consisted of 15±3%
ferrite (hereafter called “Steel 1”) and 50±4% ferrite (hereafter
called “Steel 2”), with 16.5±3% and 12±3% retained austenite cor-
respondingly and remaining non-carbide bainite and marten-
site. The average ferrite grain size was 2.4±0.5μm for the Steel
1 and 6.0±0.5μm for the Steel 2 (Figs. 2 a, b). The average car-
bon content of retained austenite measured by X-ray was 1.8wt%
for Steel 1 and 1.6wt% for Steel 2.
TEM of Steel 1 revealed the formation of two bainitic morpholo-
gies: (i) granular and (ii) acicular. Granular bainite is characte-
rized by the presence of coarse bainitic ferrite plates with
isolated crystals of retained austenite in between (Figs. 3 a, b).
Some of the retained austenite crystals showed twinning and the
retained austenite/twinned austenite constituent islands were
also present in the microstructure (Figs. 3 a, b). The acicular bai-
nite/ferrite structure appeared to be a bainitic structure with re-
tained austenite layers between bainitic ferrite laths (Fig. 3 c).
The thickness of the bainitic laths varied from 0.1 to 0.5μm. The
retained austenite laths had a wide range of thickness, from very
thin retained austenite films to thick retained austenite laths,
which shown in some cases twinning (Fig. 3 d). The retained au-
stenite crystals at the polygonal ferrite/bainite interface were
not observed. It is interesting to note that the clusters of baini-
tic ferrite laths were oriented in different directions and in some
a
b
FIG. 2 Optical micrographs of Steel 1 (a) and Steel 2 (b).
Micrografie ottiche di Steel 1 (a) e di Steel 2 (b).
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FIG. 3
TEM micrographs of Steel 1 after TMP: bright (a) and (b) dark field image of
granular bainite with twinned austenite (zone axis is [110]γ), (c) acicular ferrite,
(d) twinned austenite (zone axis is [110]γ), (e) bright and (f) dark field images of
bainitic ferrite laths oriented perpendicular to each other, arrows show the Fe3C
carbides, (g) lenticular bainitic ferrite, arrows indicate carbides. RA is retained
austenite, BF is bainitic ferrite, and TA twinned austenite.
Micrografie TEM di Steel 1  dopo processo termo meccanico: (a) immagine in campo
chiaro e (b) scuro della bainite granulare con austenite geminata (asse di  zona 
[110] γ), (c) ferrite aciculare, (d) austenite geminata (asse di  zona  [110] γ), (e)
immagine in campo chiaro e (f) scuro di lamelle di ferrite bainitica orientati
perpendicolarmente tra loro, la freccia indica i  carburi di Fe3C, (g) ferrite bainitica
lenticolare, la freccia indica i carburi.  RA indica l’austenite residua, BF la ferrite
bainitica e TA l’austenite geminata.
cases perpendicular to each other (Figs. 3
e, f). Rounded Fe3C carbides were obser-
ved within these laths (Figs. 3 f). Bainitic
ferrite laths with a lenticular shape and
an average thickness of  0.5μm and with
fine, plate-like Fe3C carbides were also ob-
served in the microstructure (Fig. 3 g).
Martensite crystals were not found during
TEM observation.
TEM of Steel 2 also showed the formation
of two types of bainite with bainitic ferrite,
one in the form of parallel thin laths with
an average thickness of 0.6μm and the
other in the form of plates (Figs. 4 a, b).
Most of the retained austenite was present
as small islands, although coarse blocks
of retained austenite were also found in
the vicinity of the martensite (Fig. 4 b). A
number of the retained austenite crystals
a b c
d e f
g
a b
Fig. 4 TEM micrographs of Steel 2 after TMP: (a) acicular ferrite and (b) granular
bainite. BF is bainitic ferrite, RA is retained austenite and M is martensite.
Micrografie TEM di Steel 2  dopo processo termo meccanico: (a) ferrite
aciculare e (b) bainite granulare. BF indica la ferrite bainitica, RA l’austenite
residua, e M la martensite.
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showed partial decomposition to martensite. Coarse blocks of
martensite were found between the bainitic ferrite laths and at
the polygonal ferrite/bainite interface. Twinned austenite was
not observed by TEM in this steel.
The APT study showed formation of sphere-like Nb carbides and
Nb-Mo carbides in the retained austenite and Nb carbides in the
bainitic ferrite for both steels. The average size of the particles
was 10±1nm (Fig. 5). The composition of phases calculated using
APT is shown in Table 2. The carbon concentration in polygonal
ferrite and in bainitic ferrite of Steel 1 was higher than in Steel
2 due to the difference in cooling schedules, which affected the
temperature intervals for phase transformations. It leads to
lower carbon content of retained austenite in Steel 1 compared
to Steel 2 (Table 1). The detailed explanation of the solute di-
stribution within the phases in Steel 2 was reported elsewhere
[11]. Fe3C and Fe4C carbides were also observed in the micro-
structures of both steels using APT (Fig. 5d)
The microstructures formed after TMP control the combination
of strength and ductility in the TRIP steel. While the presence
of ferrite and retained austenite leads to high elongation, mar-
tensite and bainite are responsible for strength. The Steel 1 had
a higher ultimate tensile strength (UTS) 1300±20MPa and yield
strength (YS) 600±30MPa than Steel 2 with UTS of
1000±40MPa and YS of 400±40MPa, while the total 25±3% and
uniform 17±3% elongations of Steel 1 were lower than Steel 2,
with a total elongation of 29±2 and uniform elongation of 23±1%
(Fig. 6). The lower elongation in the Steel 1 could be due to the
lower volume fraction of polygonal ferrite. On the other hand,
the higher volume fraction of retained austenite in Steel 1
should lead to higher elongation. In order to understand struc-
ture-property relationship in these steels, the behaviour of the
microstructures during straining was studied using interrup-
ted tensile tests.
Steel 1 Steel 2
(at%) PF BF RA PF BF RA
C 0.04±0.02 0.4±0.2 2.4±0.7 0.02±0.001 0.25±0.03 2.71±0.07
Mn 1±0.2 1.3±0.5 1.56±0.07 0.75±0.02 1.85±0.1 1.03±0.04
Si 2.7±0.5 3.0±0.2 3.4±0.1 2.77±0.05 2.09±0.1 4.01±0.08
TAB. 1
Phase compositions
calculated using APT, (at%).
Composizioni delle fasi
calcolate mediante APT, 
(% atomico).
FIG. 5
Representative atom maps
of C (a, d), Mo (b) and Nb (c)
showing Nb-Mo-C carbides
in retained austenite (a, b, c)
and different phases in Steel
1(d). PF is polygonal ferrite,
RA is retained austenite, BF
is bainitic ferrite.
Mappe della distribuzione degli
elementi, rappresentative di C
(a, d), Mo (b) e Nb (c) che
mostrano i carburi Nb-Mo-C
nell’ austenite residua (a, b, c)
e nelle diverse fasi entro Steel
1(d). PF rappresenta la ferrite
poligonale, RA l’austenite
residua e BF la ferrite bainitica.
FIG. 6 Representative true stress-strain curves of Steel 1
and Steel 2.
Curve rappresentative del rapporto reale carico-
deformazione di Steel 1 e Steel 2.
Microstructural Behavior under Applied Strain.
X-ray analysis of Steel 1 after ~0.04 strain showed a decrease in
the retained austenite volume fraction from 16.5±3% to 11±2%,
which remained unchanged up to ~0.08 strain. Further decrease
in the retained austenite volume fraction to 5% was observed at
~0.17 of strain. TEM revealed extensive twinning of the retai-
ned austenite crystals after a strain of 0.04 (Fig. 7a) with fur-
ther development of this structure at a strain of 0.08. An
increase in strain to 0.17 led to the formation of coarse marten-
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site crystals, although twinned austenite crystals were still ob-
served (Fig. 7b). This suggests that austenite twinning is the pre-
ferred deformation mechanism at low strains in Steel 1. It
appeared that the formation of the higher volume fraction of bai-
nite is responsible for this behavior, i.e. during straining the bai-
nitic ferrite laths could accommodate the stress and prevent
transformation of retained austenite to martensite and, thus. pro-
mote the formation of austenite twinning at the early stages of
straining.
Most of the retained austenite transformed to martensite at an
intermediate strain level (0.17) due to an increase in the disloca-
tion density of bainitic ferrite and interaction between the rigid
bainitic ferrite laths and retained austenite. This leads to reduc-
tion of total elongation in Steel 1. Polygonal ferrite showed the
partial formation of dislocation cells after a strain of 0.04 and pa-
rallel deformation bands after a strain of 0.17 (Figs. 7 c, d). 
The transformation of the retained austenite to martensite du-
ring straining of Steel 2 occurred gradually – ~8% of retained
austenite and ~12% of martensite at the ~0.08 strain; ~5% of re-
tained austenite and ~15% of martensite at ~0.27 strain. The
preferred deformation mechanism for retained austenite at all
strains was TRIP effect (Figs. 8 a and b). However, ~4-5% of re-
tained austenite was trapped between the bainitic ferrite laths
and remained in the microstructure of the fractured tensile sam-
ple (Fig. 8 c).
This behavior could be explained by the combined effect of the
inhomogeneous carbon distribution within the retained auste-
nite and the effect of the size of the retained austenite on its sta-
bility. The carbon distribution within the retained austenite is
not homogeneous and some coarser islands of retained auste-
nite were less enriched than smaller ones. These coarse blocks
of austenite tend to transform to martensite at a lower strain.
The microstructure of Steel 2 contained a high volume of relati-
FIG. 7
TEM micrographs of austenite twinning at 0.04 (a) (zone axis is [114]γ) and 0.17
(b) of strain, and formation of cell dislocation structure in ferrite at 0.04 (c) and
0.17 (d) of strain in Steel 1.
Micrografie TEM della  geminazione dell’ austenite: (a)  dopo  0.04 di deformazione
(asse di  zona  [114]γ) e (b) dopo  0.17 di deformazione; formazione della struttura di
dislocazioni a cella nella ferrite: (c) dopo  0.04 di deformazione e(d)  dopo 0.17 di
deformazione in Steel 1.
a b c
d
vely coarse austenite crystals, which did not contribute signifi-
cantly to the TRIP effect. On the other hand, as a result of the
strain-induced transformation of high numbers of austenite
blocks stress transfers to the soft ferrite matrix leading to di-
slocation strengthening of the neighbouring regions, which, in
principal, can improve strength-ductility balance. The fine is-
lands of austenite that are trapped between the plates of baini-
tic ferrite in a sheaf are much more stable because of the higher
carbon concentration and also because of the physical constraint
to transformation due to the close proximity of plates in all di-
rections [14]. The contribution of their strain-induced transfor-
mation to the improved ductility is higher than the contribution
of coarse crystals. On the other hand, a number of supersatura-
ted retained austenite crystals remained in the microstructure
after fracture and did not contribute to an increase in elonga-
tion. 
CONCLUSIONS
The analysis of microstructure-property relationships in ther-
momechanically processed multiphase steels with different
amounts of phases has been conducted. The results have shown
that the strengthening mechanism in these complex multiphase
microstructures is determined not only by the amount of retai-
ned austenite but also by the volume fraction of other phases in
the microstructure and their interaction during deformation.
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FIG. 8 TEM micrographs of partial transformation of retained austenite to martensite at 0.02 strain, zone axis is [310]γ (a),
partial transformation of retained austenite to martensite at 0.08 strain, zone axis is [110]γ (b) and retained austenite
island after fracture, zone axis is [116]γ (c).
Micrografie TEM della trasformazione parziale in martensite dell’austenite residua (a) dopo  0.02 di deformazione (asse di
zona  [310]γ)  , (b)  trasformazione parziale in martensite dell’austenite residua dopo  0.08 di deformazione (asse di  zona
[110]γ) e (c) isola di austenite residua dopo rottura ( asse di  zona  [116]γ).
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